The recent isolation and characterization of the SALMFamide neuropeptides S1 (GFNSALMFamide) and S2 (SGPYSFNSGLTFamide) from the sea stars Asterias rubens and Asterias forbesi have initiated numerous studies on their morphological localization and distribution within the phylum Echinodermata. It has been shown by immunocytochemistry and radioimmunoassay that these peptides are widely distributed in the nervous system of some asteroids, echinoids and ophiuroids. A physiological approach has also shown that S1 and S2 potentiate the luminescence of the small ophiuroid Amphipholis squamata. In the present study, S1-and S2-like immunoreactivity have been localized in A. squamata by immunocytochemistry on both wholemount preparations and histological sections. The results reveal a widespread neuronal distribution of S1-like immunoreactivity in the circumoral ring, radial nerve cord, and tube feet. S1-like immunoreactivity was found to be associated with axons and cell bodies in both the ectoneural and hyponeural components of the nervous system. S2-like immunoreactivity was detected only in the ectoneural plexus of the circumoral ring and radial nerve cord.
INTRODUCTION
A new family of neuropeptides, the SALMFamides, has recently been identified in the Echinoderms. The defining motif of this family is an amidated carboxyl (C) terminal amino acid sequence Ser-Xaa-Leu-YaaPhe-NH2, where Xaa and Yaa represent any amino acid residue (Diaz-Miranda et al. 1992) . The first two members of this neuropeptide family were purified from the radial nerve cords of the starfish Asterias rubens and Asterias forbesi ; they were sequenced and designated S1 (GFNSALMFamide) and S2 (SGPYSFNSGLTFamide) . Immunocytochemical and radioimmunoassay studies have shown the SALMFamides (S1 and S2) to be abundant and widely distributed in the nervous system of asteroids, echinoids and ophiuroids (Elphick et al. 1991 b ; Moore & Thorndyke 1993 ; . Physiological experiments have shown that these peptides have neuromodulating effects on the light production of the small luminescent ophiuroid Amphipholis squamata (De Bremaeker et al. 1993) . S1 (10 −* ) and S2 (10 −"! ), potentiating the luminescence induced by acetylcholine. Therefore, the aim of this study was to describe the organization of the nervous system in A. squamata and to localize S1-and S2-like peptides by immunocytochemistry using a specific panel of antibodies.
MATERIAL AND METHODS
Neuropeptide distribution was investigated using indirect immunocytochemistry (ICC) on both wholemount preparations and paraffin sections. Specimens of A. squamata were collected at Langrune-sur-mer (Normandy, France) and maintained in closed circuit aquaria filled with running seawater (12 mC, 33 % ! salinity).
(a) Light microscopy
The organization of the nervous system in A. squamata was investigated using light microscopy. Entire juveniles (individuals with a discal diameter 1.7 mm) were fixed by immersion for 3 h in 3 % glutaraldehyde in cacodylate buffer (0.1  ; 1030 mOsm and pH 7.8). They were then rinsed (3i10 min) in the same buffer and post-fixed for 30 min in 1 % osmium tetroxide also in the same buffer. After a final buffer wash, the ophiuroids were decalcified in the dark for 12-15 h using 2 % ascorbic acid in 0.3  NaCl (Dietrich & Fontaine 1975 ) at 4 mC. When decalcified, ophiuroids were dehydrated in graded ethanol and immersed for 15-18 h in Spuur medium at room temperature to facilitate impregnation. Pieces were then embedded by immersion for 15 h at 75 mC in the same resin. Serial semithin sections (0.3 µm) were cut on a Reichert OM 2 ultramicrotome and stained with a 1 : 1 methylene blue-azur II mixture (Richardson et al. 1960) .
europeptides in an ophiuroid
Juveniles were fixed in 4 % paraformaldehyde in filtered seawater (FSW) for 5 h. They were then rinsed in FSW and decalcified in 0.5  EDTA in FSW for 3 h. Tissue permeability was improved by dehydration and rehydration in an alcohol series, followed by a 2 h incubation in phosphatebuffered saline (PBS) with 0.5 % Triton-X-100. Specimens were then immersed for 2 h in blocking buffer (PBS 0.5 % Triton-X-100 and 5 % normal goat serum) before being incubated for 40 h in primary antiserum. S1 polyclonal antibody (BL IIIb) was raised in rabbits to a conjugate of thyroglobulin and KYSALMFamide, a synthetic analogue of S1. This antiserum has a high affinity for both S1 and KYSALMFamide and exhibits very negligible cross-reactivity to S2 (Elphick et al. 1991 b) . S2 polyclonal antibody (BGII) was obtained by immunizing rabbits to a synthetic Cterminal fragment of S2 : KYSGLTFamide conjugated to thyroglobulin . S2 monoclonal antibody (S2MO1) was raised from mouse splenic cells against the synthetic C-terminal conjugate of S2 using standard procedures . All primary antisera were diluted in PBS 0.1 % Triton-X-100 and 1 % BSA (1 : 750 for BLIIIb, 1 : 1000 for BGII and 1 : 1 for S2MO1). After washing, specimens were incubated first in biotinylated goat anti-rabbit serum or biotinylated anti-mouse serum (Vector Labs, Peterborough, UK) and then in FITC-conjugated avidin D (Vector Labs) both for 4 h at 1 : 200 dilution in PBS. Finally, specimens were rinsed three times in PBS and mounted on glass slides with Vectashield (Vector Labs). All procedures were performed at room temperature except for the fixation and decalcification, which were carried out at 4 mC.
(ii) Sections
Juveniles were fixed in seawater Bouin's fluid with 1 % acetic acid for 48 h at 4 mC. The specimens were subsequently dehydrated and embedded in paraffin. Sections (7 mm) were mounted on poly--Lysine coated slides, de-waxed and hydrated to PBS. Sections were immersed for 1 h in blocking buffer (PBS and 5 % normal goat serum) before incubation with primary antisera diluted in PBS (1 : 750 for BLIIIb, 1 : 1000 for BGII and 1 : 1 for S2MO1) overnight at room temperature. After two washes in PBS the sections were incubated for 1 h in biotinylated goat anti-rabbit antiserum or biotinylated anti-mouse serum (Vector labs) 1 : 200 in PBS and processed using the ABC reagent (Vector labs), according to the manufacturer's instructions. The immunolabelling was visualized with 0.04 % DAB (diaminobenzidine) and 0.01 % hydrogen peroxide in Tris-HCl at pH 7.6 ; development time was 5-7 min.
For wholemounts and sections, controls consisted of (i) preabsorption of the primary antisera at working dilution (1 : 750 for BLIIIb, 1 : 1000 for BGII and 1 : 1 for S2MO1) with respectively 10 −'  KYSALMFamide, 10 −'  KYSGLTFamide and 10 −$  KYSGLTFamide, or (ii) omission of primary antisera. Wholemounts were examined with either a Zeiss epifluorescence microscope or a Leica confocal scanning laser microscope.
RESULTS (a) General anatomy
A. squamata is a small ophiuroid whose maximal disc diameter is 3.5 mm. The five arms of an individual have the same length (around 12 mm for adults) and are constructed as a succession of segments. They consist of an interconnected nervous system comprising two superimposed nerve plexuses : the aboral plexus or hyponeural and the oral plexus or ectoneural. The hyponeural is thin and consists of motor nerves that innervate intervertebral muscles. The ectoneural is more developed and extends to the peripheral regions of the arm (e.g. the podia and spines ; see figure 1 ).
Both plexuses are surrounded by a basal lamina but only one basal lamina is observed where they are superimposed upon one another. They show varying organization according to area and anatomical position. The present study focused on three areas : the radial nerve cord, the podial ganglia and the circumoral ring (the lateral nerves located in the periphery of the arms was the only part of the nervous system not investigated).
The radial nerve cord runs orally along each arm throughout all brachial segments. In each segment, cell bodies are concentrated as radial ganglia (i.e. located at the midpoint of a segment) and joined to those of adjacent segments by interganglia. In each radial ganglion, hyponeural cell bodies are sagitally positioned except in the midportion where hyponeural axons are mostly developed (the midportion of a radial ganglion corresponds to the emergence of the lateral branches that extend into the podial ganglia ; see figure 2 a). Muscle cells occur in large numbers in the lateral hyponeural except in its midportion. The ectoneural system always comprises two layers : the superior layer consists of nerve axons and the inferior layer of cell bodies. The layer of axons shows almost the same thickness all along the radial ganglia but becomes thinner where interganglia begin. The layer of cell bodies is most developed in the midportion of radial ganglia (see figure 2 b) .
In interganglia the hyponeural is severely reduced in thickness and comprises mainly axons. The ectoneural consists of both layers of axons and cell bodies. In each brachial segment the radial ganglia extend laterally into podial ganglia (there are two podial ganglia, side by side) ; this occurs in the midportion of the radial ganglion.
Each podial ganglion forms a thick cap covering ambulacral ampullae and is composed of the hyponeural (comprising mainly axons) and the ectoneural (comprising numerous axons and a cell body layer closely applied to ampullae).
At the junction with the circumoral ring, each radial nerve cord terminates with a radial ganglion (included in the first proximal brachial segment). This ganglion extends into interradial parts of the circumoral ring. A ganglionic swelling is developed in the middle of each interradial section.
(b) Wholemounts and sections S1-like immunoreactivity (S1-like IR) was abundant in the radial nerve cord, podial ganglia and circumoral nerve ring (see figure 3 a, b) . Immunohistochemistry of wholemounts revealed the presence of S1-like IR in both ectoneural and hyponeural plexuses of the nerve europeptides in an ophiuroid N. De Bremaeker and others cord associated with axons and cell bodies (see figure  3 e). In the ectoneural plexus, S1-antiserum labelled several nerve plexuses parallel with each other and running along the entire length of the nerve cord (see figure 3 b) . Frontal sections through the arm showed clearly this repetitive pattern (see figure 4 a) . The plexus consisted of a meshwork of fine varicose axons that were more densely packed in the ganglion than in the interganglionic region (see figure 3 b, c) . The nerve fibres were particularly concentrated in the centre of the cord, mainly in a longitudinal orientation. Occasionally, however, laterally oriented axons were observed, especially at the edges of the nerve cord supplying the innnervation to the podia (see figure 3 b) .
Immunoreactive cell bodies were most frequently observed in the distal third of each ganglion. Two intense immunoreactive areas were situated in the middle of the nerve cord. These cell bodies occupied a precise position that was identical in each segment of the nerve cord (see figure 3 c). Transverse sections through the arm revealed positive nerve fibres and cell bodies mainly in the middle of the RNC (see figure 4 c).
(e) S1-like IR in the ectoneural and hyponeural plexus associated with axons (arrows) and cell bodies (arrowheads) ; bar l 100 µm. Abbreviations : E : ectoneural plexus ; G : ganglion ; H : hyponeural plexus ; I : interganglion ; p : podium ; pg : podial ganglion ; r : basal nerve ring ; ln : longitudinal nerve ; s : spine. S1-like IR associated with the hyponeural plexus revealed a unique pattern of staining, with axons and a few cell bodies forming an arch in the proximal third of each brachial segment. Fine axons running sagitally just above the ectoneural connect two following arches (see figure 3 e) . The ectoneural plexus extends to a lateral branch that connects with the podial ganglion at the base of the podium. This ganglion gives rise to a nerve plexus, which runs into the tube feet. As the fibres approach the sucker region, they branch, following a circular orientation to form the basal nerve ring. S1-like IR was present in the podial ganglion, the nerve plexus running into the tube feet and in the basal nerve ring (see figure 3 d) .
Longitudinal sections at the arm-disc junction showed a continuous S1-like IR labelling from the RNC to the circumoral nerve ring (CONR) (see figure 4 b). The immunoreactivity was abundant in the CONR, and ganglionic swellings were observed (see figure 4 d) . Each interradial part of the ring, linking two arms, showed one ganglion in which numerous fibres and a few cell bodies were stained. Nerve fibres were observed radiating from the CONR towards the centre of the disk, which could represent the subepithelial nerve plexus. The pattern of staining in the first and second proximal segments did not show any significant difference from the pattern of other brachial segments.
S2-like immunoreactivity (S2-like IR) was detected in the radial nerve cord and circumoral ring but was less abundant than S1-like IR. S2-like IR was present in the ectoneural plexus of the nerve cord associated with few axons and cell bodies. S2-antiserum labelled two tracts of nerve fibres parallel with each other and running along the entire length of the nerve cord (see figure 5 a) . Immunoreactive cell bodies were observed in the middle of the nerve cord at the distal third of each ganglion (see figure 5 b) . These cell bodies occupied a precise position which was identical in each segment of the nerve cord, as observed for S1-like IR. S2-like immunoreactivity in the circumoral nerve ring was represented by only a few tracts of labelled nerve fibres.
In control experiments, preabsorption of S1 (BLIIIb) and S2 (BGII) antisera with, respectively, KYSALMFamide and KYSGLTFamide, mostly abolished the staining. However, a few weakly positive cell bodies and axons were still detected in the nerve cord. This may imply that another peptide related to S1 and S2 is present with some modest cross-reactivity to S1 and S2 antisera. Preabsorption of S2 antiserum (S2MO1) with KYSGLTFamide totally abolished the staining.
DISCUSSION
In the present study, S1-like immunoreactivity was detected in both ectoneural and hyponeural systems of the radial nerve cord and circumoral nerve ring of A. squamata. S2-like immunoreactivity was detected in the ectoneural plexus of the radial nerve cord and circumoral nerve ring. The abundant immunoreactivity in the radial nerve cord and ring provides good evidence that these neuropeptides have an important function in the brittle star nervous system. A common feature with another study on S1 localization, in a starfish (Moore et al. 1993) , is the ubiquity of S1 in the nervous system. S1-like IR is present within the hyponeural and ectoneural components of the radial nerves. This gives an indirect confirmation of the importance of this neuropeptide in echinoderm biology. Table 1 summarizes the major immunohistochemical localizations of the neuropeptides S1 and S2 in three echinoderm species.
In A. squamata, the immunoreactive pattern observed europeptides in an ophiuroid N. De Bremaeker and others in one brachial segment was identical to that of the adjacent segments. The segmental organization of the nerve cord was previously reported in Ophiura ophiura by Cobb & Stubbs (1981) and . These studies indicate a repetitive organization for all the neurones of the nerve cord. This segmental organization has also been revealed by other antisera against : RF-amide , GABA, glycine and 5 HT . The finding of extensive S1-like IR in association with the podial ganglion, the longitudinal nerve and basal nerve ring lends support to the idea that this molecule is involved in tube foot motor activity. A study on S1 and S2 distribution of nervous and locomotory systems in Asterias rubens (table 1) has shown the widespread neuronal distribution of these neuropeptides in the RNC and tube feet . The authors suggested that S1 and\or S2 could play a role in the locomotory system. Pharmacological organ-bath studies on isolated tube foot preparations have been pursued, but no motor responses to S1 or S2 were observed (Elphick et al. 1990 ). This, however, does not negate the possibility of a more subtle modulatory or sensory function.
Contrary to the results found in Ophiura ophiura , the second and first proximal segments of the nerve cord seem not to be anatomically distinct from the other segments and thus do not represent a specialized region. In the circumoral nerve ring, the immunoreactivity showed ganglionic swellings similar to the radial nerve cord. Staining mainly consisted of axons and a few cell bodies. As in other studies (Cobb & Stubbs 1982 ; Cobb & Moore 1989 ; this confirms that the nerve ring should not be regarded as a ' central nervous system ', but is believed to act as a link between the arms, all of which have the potential to control whole animal behaviour.
The presence of S1-and S2-like immunoreactivity in the circumoral nerve ring that lies in close proximity to the digestive system might indicate the involvement in the nervous control of the feeding process. A study on S2 distribution in the digestive system of Asterias rubens has revealed a widespread neuronal distribution for S2 throughout the digestive system (Newman et al. 1995 b ; table 1 ). Pharmacological organ-bath studies on isolated stomach preparations have been pursued and a relaxing effect of S2 on the stomach has been observed . These pharmacological results suggested that S2 was involved in the regulation of stomach eversion by promoting relaxation of intrinsic stomach muscles. This hypothesis was supported by preliminary experiments in which injection of S2 peptide into the coelomic fluid of Asterias rubens resulted in stomach eversion (Potton & Thorndyke 1995) . Two similar peptides (GFSKLYFamide and SGYSVLYFamide), called S3 and S4, have been isolated and sequenced from extracts of the digestive system of the sea cucumber Holothuria glaberrima (DiazMiranda et al. 1992) . Recently, a light and electron microscopic study on this holothuroid has shown S3 to be located in cells and nerve fibres, some of which apparently innervated muscle cells . The authors suggested that these peptides might be participating in neuromuscular transmission. Pharmacological experiments with S3 showed a relaxation of intestinal strips in this species (Diaz-Miranda & Garcia-Arraras 1995). It appears, therefore, that the relaxing action of the SALMFamides on gut muscle may be a general property of this neuropeptide family throughout the echinoderms.
Physiological experiments have shown that S1 and S2 neuropeptides have a neuromodulatory effect on the luminescence of Amphipholis squamata (De Bremaeker et al. 1993) . S1 (10 −* ) and S2 (10 −"! ) potentiate the luminescence induced by ACh. Recent ultrastructural studies of the luminescent area of Amphipholis have shown the presence of cells containing small secretory granules typical of neuropeptides in the neuronal ganglia of the arms (Deheyn, personal communication). As luminous cells (photocytes) are localized in these ganglia (Brehm & Morin 1977) , it seems plausible that neuromodulatory processes occur during A. squamata photogenesis. Our observations in the area of the ganglia did not help with this hypothesis as the lateral area of the animal (around the spines) was difficult to visualize accurately due to the thickness of the preparation. Nevertheless it seems likely that direct innervation of the photocytes is possible. An electron microscopic study is in progress to define more precisely the localization of S1-and S2-like peptides around the spine ganglia. 
